1. A multiphasic modelling approach [Heirwegh, Meuwissen, Vermeir & De Smedt (1988) 
INTRODUCTION
In enzyme-kinetic studies involving poorly water-soluble natural or xenobiotic amphipathic substrates performed in the presence of membrane material and soluble binding protein, a number of problems have to be faced. Amphipaths tend to aggregate [1] , partition into membrane lipid [1] [2] [3] [4] [5] [6] and are sequestered by binding protein [7] [8] [9] [10] [11] . Results obtained for such systems are often evaluated only qualitatively or with mathematical models that have been worked out only partially. This leads to considerable loss of information, often to ill-founded conclusions, e.g. with regard to the question whether unbound ligand or a protein/ligand complex interacts with an acceptor protein.
On the basis of the assumptions proposed [5, 6] , formulae have been derived for 'double binding-protein systems'. Attention will be paid to the problem of distinguishing between enzymic attack on either unbound or protein-bound ligand, to the role of substrate-binding protein in determining enzymic substrate specificity, and to data analysis. The consequences of the kinetic models for the interpretation of experimental results will be illustrated by analysing literature data related to the mechanism of uptake into cells of natural fatty acids.
THEORY
Results obtained with biochemical systems containing amphipathic ligand(s) in the presence of membrane material and/or substrate-binding protein are usually interpreted with the following implicit assumptions: (i) the aqueous media inside and outside the membrane vesicles are dilute homogeneous solutions of identical composition; (ii) the phospholipid bilayers are dilute homogeneous lipidic solutions; (iii) the membrane partition coefficient P m of any ligand, A, is constant. These assumptions, which have already been discussed in some detail [5, 6] , will be adopted. It is further assumed that the amount of substrate bound to an acceptor (enzyme or membrane-bound carrier protein) [12] is small compared with the total amount of ligand.
In general, at v/Vm.' > 0.1, the error on the estimated reaction rate is less than 1 % when the ratio of the enzyme concentration over the Michaelis constant is less than 0.01 (K. P. M. Heirwegh, unpublished work). Depending on the other parameters, the condition may be considerably less restrictive, as illustrated by the data in Figs. 1 and 3 (below) . For a discussion of the influence of substrate depletion by binding to the acceptor on the kinetic properties of the present models, see the Supplementary Publication.
Field of application of the partial-equilibrium assumption
For treatment of kinetic phenomena we have further assumed that all steps of mass transport, such as release of ligand from a phospholipid bilayer or from dissolved binding protein, are rapid compared with the process monitored (partial-equilibrium hypothesis) [5, 6] . Although the exit rate constant of ligand present in membrane material is determined primarily by Pm, to which it is inversely related [13] , the partial-equilibrium assumption seems to be met in vitro for a number of enzymes acting on substrates with even fairly high hydrophobicities. For example, the rate constants of release of long-chain fatty acids (PAm, 106-108) from unilamellar dimyristoyl phosphatidylcholine vesicles vary between 0.5 s-' for stearate and 35 s-' for myristate [14] . The rate constants for solvation of these fatty acids, bound to serum albumin, are about 100-fold smaller, but, as shown for stearate, may still be large enough to sustain microsomal synthesis of stearoyl-CoA. Similarly, conversion of chlorodinitrobenzene (PAm, 5 x 104) and of sulphobromophthalein (PAm, 106) by glutathione S-transferases [15] and of 17a-hydroxyprogesterone and progesterone by vesicle-reconstituted cytochrome P-450C21 [16] was not limited by their exit rates from egg phosphatidylcholine vesicles. Also, the rate of release of haem from bilayer vesicles is rapid and independent of the presence of haem-binding protein [17, 18] . Thus, for membrane systems containing ligands with hydrophobicities such as indicated above, a state of partial equilibrium is likely to apply. In such cases, the membrane material provides storage space for readily available substrate. At equal local substrate concentration in the aqueous phase, kinetic systems containing membrane material can maintain the steady-state regime for longer periods of time than membranefree systems. Binding protein is likely to fulfil a similar role.
For solutes such as phospholipids and cholesterol that are retained more strongly in bilayer vesicles than long-chain fatty acids [19] , the partial-equilibrium assumption may not hold. It may also become invalidated in solvents of high viscosity [20, 21] .
General considerations
The present treatment considers 'double binding-protein systems' composed of (i) an acceptor which may be soluble or membrane-bound and acts either on unbound or protein-bound ligand and (ii) binding protein that is located in the aqueous phase and possesses one or two classes of binding site. Initialrate measurements of reversible single-substrate/single-product conversion are considered in detail. The formulae also apply to initial-rate measurements of carrier-mediated uptake of ligands into cells. These fairly simple models are often sufficient for explaining the experimental data and are useful as a starting point for discussing more complicated cases. General statements to be made about the shape and other properties of the saturation curves characteristic of the systems considered are supported by algebraic analysis (see the Supplementary Publication).
For reasons already discussed [5] , the local concentration of a component J present in a homogeneous phase i is expressed as the molar fraction xii. Depending on the phase in which the reaction proceeds, the superscript i is 'aq' (aqueous phase) or 'i m' (membrane-lipid phase). Concentrations referred to the system as a whole (called total concentrations) are the molar ratios n,/N&q where n, is the total amount of J present in the system and N&l the total amount of substance present in the aqueous phase.
Action on unbound substrate Reversible enzymic conversion of unbound substrate in phase i, catalysed by a membrane-embedded enzyme, has been described previously [5] :
A' + EB = (AE)1 = (QE)' = E1 + Qi (1) A and Q are the substrate and product, and E, AE and QE are uncomplexed enzyme and its substrate and product complex respectively. For reaction mixtures 
K. characterizes the interaction of the more hydrophilic part of the amphipath [5] . Eqn. (7) (10) since 1pb1 and PAare generally comparable [1] . Affinity ratios are also useful for discussing the interplay of carrier-mediated ligand transport through membranes and consecutive enzymic reaction [22] . ( 1 1) The curves can be hyperbolic or sigmoidal (Fig. 1) .
For systems containing a soluble binding protein with a single class of binding site, curve behaviour depends on the conditions Km'/KI' < 1 ±K1aPP /C near-hyperbolic (12) > 1 + Klapp /C sigmoidal (13) The correction term, K1aPP /C, amounts to less than 10 % when, e.g., KaPP' is < 1 ,UM and the site concentration, C, is > 10 /M (Fig. 2 ). Under these conditions the shape of the curves is determined primarily by the relative binding affinity, Km'/Ki', not by the affinity of the enzyme nor by that of the binding protein alone. When the substrate is bound less avidly to the enzyme than to the binding protein (Kmi > K1'), saturation is sigmoidal and vice versa. In view of eqn. (10), the shape of the saturation curves is approximately independent of the hydroVol. 284 with similar relationships between K2' and K2 for the second binding class. As for Km [5] , K1 and K2 characterize the interaction of the more hydrophilic part of the amphipath. At a fixed R. value, partial replacement of the sites on the soluble binding protein (K1aPP ) by sites that bind the substrate more weakly (K2a"P-) results in increased saturation of the enzyme, because of weaker competition by the binding protein (Fig. 1) . The effect on saturation behaviour is minimal when the dissociation constant, K2aPP, of the more weakly binding sites is increased beyond 20 x K1aPP (Fig. 3) . Then, near R, equal to 0, where the substrate is sequestered predominantly by the sites with the lower dissociation constant (K1aPPP), the linear dividing line between sigmoidal and near-hyperbolic saturation is still at Km'/Kl' equal to 1. Formulae for the conditions, similar to eqns. (12) and (13), that apply when the substrate-binding protein contains two classes of independent binding site, are given in the Supplementary Publication.
Saturation curves at constant substrate/binding-site ratio, Rs.
Eqn. (3) becomes:
with R. = A/C, al = Cl/C, a2 = C2/C constants. The substrate/ (16) as observed [24] [25] [26] . Independently of the particular set of values of RS, KmaPP and K1,, the initial slope ofthe limiting rectangular hyperbola is equal to Vmax./KmaPP-. This is expected, since near infinite dilution of the soluble binding protein, dissociation of the ligand-protein complex should be complete, so that the systems would behave as if soluble binding protein were absent. Vmax./ KmaPP is an important parameter in characterizing intracellular transport and metabolism [27, 28] . Note that the intercept at the y-axis of a plot of 1/v against 1/A (Fig. 3) 
Action on protein-bound ligand
Imagine an acceptor with aqueous-faced binding sites (E ¶Q) to interact with a ligand-binding-protein complex (1:1) present in the aqueous phase (AC)"q. Single-substrate/single-product conversion is described by:
(AC)aq+Eaq = (ACE)aq = (QCE)&q = E&q+(QC)"q (17) where AC and QC is the substrate and product, and E, ACE and QCE is uncomplexed enzyme and its substrate and product complex, respectively. In the absence of product, the relative initial rate, r, is given by: 
The saturation curves v = f(A) are monotonically increasing and sigmoidal with a horizontal asymptote at r = 1 (Fig. 7) . Thus (22) The sigmoidal nature of the curves is easily understood, since, near infinite dilution, the ligand-binding-protein complex should be fully dissociated so that no complex is available for enzymic reaction. Unless measurements are extended to quite low ligand concentrations, the sigmoidal nature of the saturation curves may not be easily apparent when K1'PP < Km.
Ligand partition into the lipidic phase of membrane material
At fixed total concentration, ligand distribution into the lipidic compartment(s) decreases the response of an aqueous-faced catalytic site compared with a membrane-free system [5] . [34] . Assays at constant concentration of soluble protein present other advantages that will become clear below.
Type of mechanism
The shape of a saturation curve on its own has little diagnostic value for deciding whether the acceptor acts on unbound or protein-bound ligand. Finding hyperbolic saturation at low substrate concentrations in assays at constant ligand/bindingsite ratio, R., if anything, rather supports the unbound ligand (Fig. 4) , not the bound ligand to be the substrate, as has occasionally been argued. However, when the soluble protein is a protein that binds the ligand with relatively high affinity, the sigmoidicity expected when bound ligand is the substrate may be poorly evident (Fig. 7) . In assays at constant concentration of soluble protein, an acceptor acting on unbound substrate only yields sigmoidal saturation curves when K1' < Km' (Fig. 2) .
Sigmoidal saturation may further be due to allosterism or to kinetic mechanisms [35] [36] [37] [38] [39] , e.g. various serum albumins [40, 41] . Starting at relatively low binding affinity (I/K1'), where the saturation curves will be near-hyperbolic (Ki' < K1'), assays with soluble proteins of increasing affinity will demonstrate progressively increasing inhibition of the response, the curves eventually becoming sigmoidal at Km' > K1' (Fig. 1) . Evidence of this kind shows that the microsomal enzymes which glucuronidate bilirubin-IXa [39] and testosterone [42] [43] . If protein-bound ligand interacts with the acceptor and ligand-free binding protein does not, equal quantities of both ligand and binding protein should be found in association with the acceptor protein, even away from equilibrium. If, in addition, ligand-free protein also binds to the target, the molar ratio of ligand and binding protein associated with the acceptor will be less than 1. Such a deficit does not prove, but only is compatible with, competition by ligand-free binding protein, C, since it may also arise from mechanisms more complex than those discussed in the present paper [44] .
Specificity of ligand-acceptor interaction
The specificity of ligand transfer to freely dissolved or membrane-bound acceptors, E, is affected by the presence of binding protein, C. Only effects exerted at constant protein concentration are considered.
Action on unbound ligand. Enzymes showing both narrow reaction and substrate specificities are microsomal bilirubin UDP-glucuronyltransferase, which only acts on the endogenous substrate bilirubin-IXo and on closely related structural analogues [45] , and mono-oxygenases involved in bile-acid biosynthesis [46, 47] . In contrast, a number of mono-oxygenases [47, 48] and UDP-glucuronyltransferases [48] [49] [50] show broad substrate specificities, permitting them to metabolize the large and ever-increasing numbers of xenobiotic compounds. The latter enzymes mainly recognize that restricted portion of their substrates where the enzymic action occurs. When the latter type of enzyme would be assayed with a series of homologous substrates at the same substrate concentration in the absence of soluble binding protein, the reaction rates might vary considerably, but aspecifically (Km' = Km/PA), depending on the value of PA (PA = PAm or PA S) the apparent substrate specificity showing similar variation. In contrast, at fixed total concentration of soluble binding protein, the rates should largely be independent of the hydrophobicity of the substrates (eqn. 10). A binding protein, while permitting attack of the substrate by an enzyme of matched binding affinity (KmaPP KaPP ), could render competition by an enzyme with higher KmaPP inefficient. Such a mechanism may explain the absence of a requirement for CoA in the microsomal esterification of retinol when it takes place in the presence of intracellular retinol-binding protein [51] .
Action on protein-bound ligand. Various scenarios are conceivable. The protein, C, could force a substrate into a more or less reactive conformation, possibly permitting enzymic action on both unbound and protein-bound ligand [7] . Binding protein could also shield some part of a substrate from enzymic attack, thus increasing the reaction-specificity of the process. Finally processes, which should considerably enhance the selectivity of the overall process, could play a role in mechanisms involved in transferring to the nucleus substances that trigger specific processes at the level of the genome, e.g. aromatic hydrocarbons [52] [53] [54] .
Carrier-facilitated uptake of ligands into isolated cells
Carrier-mediated initial-rate uptake of ligands can be treated by the same methods as those discussed above. Suppose that a membrane-embedded carrier protein acts on unbound ligand via an aqueous-faced binding site which may either be fully hydrophilic or amphipathic. For carriers involved in the uptake of amphipaths, the binding sites are likely to be amphipathic (Km' = Km/PAbS; eqn. 7). When binding protein with one or two classes of binding site is present in the external medium, the rate measurements are described by eqns. (2) and (3) (for assays at constant protein concentration) or by eqns. (2) and (14) (for assays at constant ligand/binding-protein ratio), provided the concentration of enzyme-bound substrate can be neglected in the concentration balances shown in eqns. (3) and (14) . The principles discussed above will be illustrated by reinterpretation of kinetic data [55, 56] on the uptake of natural fatty acids by stirred suspensions of isolated hepatocytes, adipocytes and cardiac myocytes. With a major exception [57] , it is generally admitted that the uptake of natural fatty acids occurs mainly by a carriermediated process via the unbound ligands [29, 55, 58, 59] . The latter hypothesis is strengthened considerably by the fact that a number of apparently obscure results can be interpreted satisfactorily by the partial-equilibrium models described above.
First consider whether the model equations are applicable to the kinetic data to be discussed [55, 56] (Fig. 8). (i) Assuming the existence ofsix oleic acid-binding sites on BSA (K1' = 0.25 tvm, n, = 3; K2' = 8.0/M, n2 = 3) [60] , the ligand/binding-site ratio, was 0.17 at constant ligand/protein ratio equal to 1. For the postulated carrier-mediated process it follows that Vm must have been considerably below the true maximum uptake rate, VMax. (Fig. 5) (c) Finally, we showed by simulation that, for data such as presented in Fig. 8 Cp as the independent variables. Now consider reaction of acceptor sites with unbound substrate. Little information is available about the application of data-fitting procedures to obtaining the binding and/or kinetic parameters for systems containing more than one binding component. According to Bates et al. [62] , fitting the double Michaelis-Menten equation (parameters: Vmax.1 Km,l 'Vmax.2 and Kmi2) to binding data is extremely ill-conditioned mathematically. This is, perhaps, not surprising, because over a range of relatively low substrate concentrations the nearhyperbolic curves closely approach rectangular hyperbolae, which permit the estimation of only two parameters. In a similar study, Hsu & Tseng [63] concluded that fairly large numbers of response values (50 data pairs used) obtained at equally spaced substrate concentrations are required before any confidence can be placed in the fitted parameters. In the present case the problem may be less exacting, because the concentrations of acceptor and substrate-binding protein can be varied independently. Also, when the curves are sigmoidal, additional mathematical information is provided by the inflection point.
In preliminary experiments, the model for enzymic conversion of unbound substrate (eqns. 2 and 3) was fitted to simulated data obtained at a single constant concentration of binding protein with one class of binding site. A series of 16-24 equally spaced substrate concentrations and the corresponding r values (range 0.1-0.9), provided with relative random error of 1-5%, were generated at C equal to 1-100 /SM. KmaPP and KaPP" covered the range 1-10-3 #M. By using a non-linear model-fitting quasiNewton algorithm [64] , both the kinetic parameters of the enzyme, E, and the binding parameters of the binding protein, C, could be obtained in the region of sigmoidal saturation (KmaPP > K1a"l"), but the algorithm often failed to converge. The procedure was most successful when the ratio KmaPP /K1aPP was 1-100. Partition of the 24 data points over three or four saturation curves, each run at a different site concentration, C, might be worth exploring. Model-fitting (eqns. 2 If a direct non-linear fitting procedure does not yield satisfactory results, the kinetic and binding parameters required for interpreting the properties of systems containing both an acceptor and a binding protein will have to be estimated separately. In doing so, due attention should be paid to the possible impact of extracted lipid on the binding parameters. For determination of the apparent Michaelis constant, Kma"-, and maximum reaction rate, VmaJ, the critical problem of avoiding ligand aggregation on its introduction into the incubation mixtures may be solved by using ligand/phospholipid mixtures as the transfer vehicle [30] . Data treatment for the latter systems has been discussed [5] .
